The time evolution of vortex spin structures in ferromagnetic FeNi disks (4 μm and 6 μm in diameter and thickness of 30 nm) during fast magnetic field pulses was observed by time-resolved x-ray magnetic circular dichroism with photoelectron emission microscopy. For the smaller disk, the displacement of the vortex core was found to linearly follow the field amplitude as described by an analytical model based on Thiele's equation with boundary conditions for patterned magnets. In contrast, for the larger disk which contains a smaller magnetic restoring force, a nonlinear response of the core displacement to the field amplitude, and also a sub-ns delay of the core motion, was observed. In parallel a deformation of the vortex spin structure was observed. Part of the Zeeman energy is stored in deforming the vortex structure during the rise time of the magnetic field with a large H / t.
I. INTRODUCTION
The ultrafast response of magnetization by external forces in patterned magnets is widely investigated for the development of magnetic memory devices. 1 In order to increase the density of memory cells, disk-shaped magnetic elements fabricated with sizes of a micron or less are paid attention due to their fascinating magnetic properties. [2] [3] [4] When reducing the thickness of disks with respect to their radii, they form a curling spin structure in the disk plane to suppress the magnetostatic energy, the so-called vortex spin structure. 5, 6 To suppress the exchange energy, the spins at the center of the disk point normal to the disk surface (the so-called vortex core). The size of the core is about 10 nm in diameter. 7, 8 This leads to a small magnetostatic interaction between neighboring disks.
Currently there are many reports investigating the dynamics of the vortex structure, in which oscillatory motions of the core after the external forces are studied, [9] [10] [11] [12] [13] [14] [15] [16] [17] and also the magnetostatic interactions between vortices. [18] [19] [20] [21] However, the dynamical behavior during the magnetic field pulse is less well understood.
In this paper, we show the dynamics of the vortex spin structures and the trajectories of the vortex core in ferromagnetic FeNi disks during the magnetic field pulse. We observed that disks with relatively larger ratios of radius to thickness, which contain a smaller restoring force, show a nonlinear response of the core displacement to the field amplitude. There is a sub-ns delay of the core motion. Meanwhile, a deformation of the vortex spin structure is observed. This nonlinear response of the magnetization to the field is one of the issues related to ultrafast magnetization reversal in magnetic data storage.
II. EXPERIMENT
The dynamics of spin structures in patterned FeNi ferromagnetic disks was observed with stroboscopic time-resolved x ray magnetic circular dichroism with photoelectron emission microscopy (XMCD-PEEM) experiments using the pumpprobe scheme at the soft x-ray beamline BL25SU in SPring-8. To image magnetic spin structures, probe pulses of circularly polarized soft x rays with the repetition rate of 2.92 MHz were employed. The magnetic pump pulse to excite the magnetization dynamics was the magnetic field created around a strip line. The magnetic disks were placed on the strip line. The electric current pulses were supplied by irradiating a photodiode, which was connected to the strip line, with laser pulses. The duration of the magnetic field pulse was about 5 ns consisting of a first intense pulse with the full width of half maximum (FWHM) of 350 ps and subsequent weaker pulses. The first pulse that could be fitted with a Gaussian curve is shown in Fig. 1(b) . The amplitude of the first pulse is estimated to be about 6.4 mT at maximum. The experimental details are described elsewhere. 22 The spatial resolution of the PEEM was about 300 nm, which is high enough to probe the vortex core position. The temporal resolution was determined from the width and jitter of the x-ray pulses to be about 100 ps.
The samples used for this study were disk-shaped ferromagnetic FeNi, which were lithographically fabricated on the Au strip line. The disks were 30 nm thick and had diameters of 4 μm and 6 μm, named 4 μm disk and 6 μm disk in this paper, respectively. They form an in-plane vortex spin structure with an out-of-plane component at the disk center.
III. DYNAMICS OF THE VORTEX SPIN STRUCTURE DURING THE MAGNETIC FIELD PULSE
Time-resolved XMCD-PEEM images of the 4 μm and 6 μm disks during the magnetic field pulse with a field amplitude of 6.4 mT are displayed in Figs. 1(c)-1(g) and 1(h)-1(l), respectively. Vortex spin structure is shown by contour plots. The warm colored regions which can be seen on the left-hand side of each image indicate the regions where the magnetization points up, and the cold colored regions on the right-hand side the regions where the magnetization points down. The position of the vortex core in each image is marked by a black cross. In Fig. 1(a) , the direction of the magnetic field and the x rays are depicted with black arrows, and the chirality of the in-plane magnetization with a red arrow. The field amplitude was roughly estimated by Ampere's law, taking into account the electric current passing through the strip line, the dimension of the strip line, and the total width of the field pulse. Before applying the magnetic field pulse, the core of the 4 μm disk is located at the center (c). During the magnetic field pulse, the core moves to the top right [(d)-(f)]. At 3.3 ns (g) after the first pulse ends, the core starts to relax back to the center. During the rise time of the pulse, H / t is as large as 20 mT/ns, the shape of the vortex is maintained in an elliptical shape, which means that the vortex structure sustains the stable spin structure with the core position.
The trajectory of the core in the 4 μm disk with the field amplitude of 6.4 mT was measured with a 0.1 ns time increment and is plotted by a solid red curve in Fig. 2(a) . It can be reproduced by the analytical model proposed in Refs. [23] [24] [25] [26] [27] and assuming a 350-ps-long first pulse:
where s is the displacement of the core normalized to the radius and h is the amplitude of external field normalized to the field to expel the core from the disk. 28 The constant χ (0) is the initial susceptibility given by 1/[4πF (β)]. F (β) is proportional to the in-plane demagnetizing factor as a function of the aspect ratio of the disk [β = thickness(L)/radius(R)]. The calculated result is shown by a dashed red curve in Fig. 2(a) . The displacement of the core is linear to the field amplitude until the peak of the field pulse.
For the 6 μm disks, core motion was observed with various field amplitudes ranging from 0.6 to 6.4 mT. The results are plotted with solid colored curves in Fig. 2(b) . The dashed colored curves are drawn using Eq. (1) corresponding to each colored experimental data. The simulation does not match the experimental data. In particular, the linear increase with field amplitude predicted by the simulation is not observed, and the core motion shows a sub-ns delay. Furthermore, during such nonlinear motion of the core a deformation of the vortex structure (bending the bottom part of the contour plots) can be recognized in Figs. 1(i)-1(l) . This deformation is observed even at the beginning of the field pulse at 2.7 ns (i) where the external field increases to about 6 mT, which is large enough to move the core more than the half of the radius by static field according to Eq. (1). However, the observed displacement is only about 250 nm. As the field amplitude begins to decrease [Figs. 1(j)-1(k)] the deformation is enhanced.
The results described above can be understood considering the in-plane demagnetizing factor depending on the disk radius and the Zeeman energy. The larger gain of the Zeeman energy for the 6 μm disk can be understood by observing the speed of the core, which is plotted against field amplitude in Fig. 3 with red marks. The speed is deduced by taking the displacement from 2.7 ns to 2.9 ns in Fig. 2(b) . The speed increases with the field amplitude, but the increase levels off at about 4000-5000 m/s. The speed at a field strength of 6.4 mT is almost twice as large as that observed for the 4 μm disk marked with a blue square in Fig. 3 ; note that the speed is taken from 2.5 ns to 2.7 ns on the rising edge of the core motion. This result clearly indicates the difference of the Zeeman energy, which is related to the volume of the disks.
The delay of the core motion for the 6 μm disk can be estimated by matching the rising edge of the experimental data to the simulation in Fig. 2(b) . This is shown in Fig. 4 as a function of the field amplitude. The delay increases up to about 0.25 ns when the field amplitude is increased to 6.4 mT. The core trajectories for field amplitudes of 3.2, 4.8, and 6.4 mT are similar, which can be explained by the restriction of displacement by the disk size [ Fig. 2(b reaches a maximum at a field strength of 3.2 mT (Fig. 3) . The behavior suggests the presence of a delay, because the restriction is not included in the simulation and the displacement is proportional to the field amplitude [Eq. (1)]. However, even with small field amplitudes, a field dependence of the delay is observed (Fig. 4) . Since the demagnetizing factor [N = 4πF (β)] of a 6 μm disk (0.01) is smaller than that of a 4 μm disk (0.016), 25, 26 the spin structure in the 6 μm disk can be expected to be more easily modified. In the 6 μm disk, the Zeeman energy due to the fast magnetic field acting on the spins can deform the in-plane vortex structure, which induces the nonlinear response of the core motion. To confirm this nonlinear motion, the core motion of the 4 μm disk located near the 6 μm disk on the same strip line was observed. The core trajectory followed the shape of the field pulse even with the maximum field of 6.4 mT [ Fig. 2(a) ]. This indicates that the demagnetizing energy in the 4 μm disk was high enough to maintain the vortex structure for the applied field.
IV. SUMMARY
We have performed time-resolved XMCD-PEEM measurements with a spacial resolution of 300 nm and a temporal resolution of 0.1 ns, and observed the dynamics of the vortex spin structure in disk-shaped FeNi ferromagnetic elements. We found that in disks with larger radii containing a smaller magnetic restoring force the external magnetic field moves the cores and also deforms the vortex spin structure. A nonlinear response of the core displacement to the field amplitudes during the rise time of the fast magnetic field pulse as high as 20 mT/ns was observed. A part of the Zeeman energy is responsible for deforming the vortex structure. This deformation is easier for disks with a small in-plane demagnetizing factor.
